Functional gene transfers from the mitochondrion to the nucleus are ongoing in angiosperms and have occurred repeatedly for all 15 ribosomal protein genes, but it is not clear why some of these genes are transferred more often than others nor what the balance is between DNA-and RNA-mediated transfers. Although direct insertion of mitochondrial DNA into the nucleus occurs frequently in angiosperms, case studies of functional mitochondrial gene transfer have implicated an RNA-mediated mechanism that eliminates introns and RNA editing sites, which would otherwise impede proper expression of mitochondrial genes in the nucleus. To elucidate the mechanisms that facilitate functional gene transfers and the evolutionary dynamics of the coexisting nuclear and mitochondrial gene copies that are established during these transfers, we have analyzed rpl5 genes from 90 grasses (Poaceae) and related monocots. Multiple lines of evidence indicate that rpl5 has been functionally transferred to the nucleus at least three separate times in the grass family and that at least seven species have intact and transcribed (but not necessarily functional) copies in both the mitochondrion and nucleus. In two grasses, likely functional nuclear copies of rpl5 have been subject to recent gene conversion events via secondarily transferred mitochondrial copies in what we believe are the first described cases of mitochondrial-to-nuclear gene conversion. We show that rpl5 underwent a retroprocessing event within the mitochondrial genome early in the evolution of the grass family, which we argue predisposed the gene towards successful, DNAmediated functional transfer by generating a "pre-edited" sequence.
Introduction
The evolution of mitochondrial genomes (mitogenomes) has been characterized by massive gene loss ever since the endosymbiotic origin of mitochondria, but the extent of gene loss across eukaryotic lineages is heterogeneous (Gray et al. 1999) . Angiosperm mitogenomes contain many more protein genes than animal and fungal mitogenomes. Mitochondrial protein gene content is also much more variable in angiosperms, reflecting vastly more frequent functional transfer of mitochondrial genes to the nucleus in angiosperms compared with animals and fungi (Adams et al. 2002b) . Therefore, angiosperms are an outstanding system to study the process of intracellular gene transfer-one of the major modes of eukaryotic genome evolution Timmis et al. 2004) . The overwhelming majority of functional transfers in angiosperms are restricted to 17 of the 41 protein genes present in the angiosperm common ancestor; these include all 15 ribosomal protein genes and both succinate dehydrogenase genes. A survey of 16 of these frequently transferred genes among 280 diverse angiosperms revealed an average of 23 independent mitochondrial losses-and likely transfers-per gene (Adams et al. 2002b ).
The predominant mechanism by which mitochondrial coding sequence information is physically transferred to the nucleus in plants has been a source of uncertainty and controversy. On one hand, it has been argued that an RNAmediated mechanism is involved because many characterized examples of transferred mitochondrial genes resemble reverse transcribed mRNAs, in that introns have been removed and/ or sites of mitochondrial C-to-U editing possess the correhave also shown that the frequency of DNA-mediated insertions greatly exceeds that of RNA-mediated insertions, which appear to be too rare to detect over short timescales in the lab (Fuentes et al. 2012) .
Although DNA-mediated transfer of organellar sequences to the nucleus is undoubtedly frequent, most of these transferred sequences are presumably "dead on arrival" and decay as pseudogenes, owing to the presence of compartmentspecific RNA processing barriers (i.e., group II introns and C-to-U RNA edits in plant mitochondria; Hammani and Giegé 2014) . For example, the inserted copy of a nearly complete mitogenome in nuclear chromosome 2 of Arabidopsis is not expressed and is unlikely to be functional (Stupar et al. 2001) . Experimental studies have demonstrated that the existence of a single intron or RNA editing site within a gene does not necessarily prohibit functional transfer to the nucleus because genetic mechanisms such as promiscuous splicing or the use of alternative translation initiation sites may obviate the need to remove introns and editing sites from the gene itself (Sheppard et al. 2011; Fuentes et al. 2012) . However, contrary to observations from phylogenetic studies, these mechanisms do not result in transferred genes that resemble reverse transcribed mRNAs, and it remains difficult to explain how a mitochondrial gene containing numerous introns and/or editing sites could remain functional after a direct DNA-mediated transfer to the nucleus.
A two-step mechanism could potentially reconcile these seemingly conflicting observations about RNA-mediated versus DNA-mediated transfers (Henze and Martin 2001) . The first step would involve retroprocessing within the mitogenome. In other words, a mitochondrial mRNA would be reverse transcribed into cDNA followed by homologous recombination with mitochondrial genomic DNA, effectively eliminating introns and RNA editing sites from a gene that would still reside in the mitogenome. After retroprocessing had occurred within the mitogenome, the resulting gene would then be "ready-to-go" and amenable to functional transfer to the nucleus via DNA-mediated mechanisms because it would no longer have mitochondrion-specific RNA processing requirements that impede function in the nucleus. Therefore, the second step in this mechanism would be the DNA-mediated duplication/transfer of the retroprocessed mitochondrial gene to the nuclear genome. Despite the logical appeal of this two-step transfer mechanism, evidence for it is scarce.
Incipient gene transfers face an additional hurdle in that their gene products need to be targeted back to the mitochondria. Transferred genes often acquire regulatory and mitochondrial-targeting peptides by recruiting preexisting sequences (Figueroa et al. 1999; Kubo et al. 1999; Adams et al. 2000; Sandoval et al. 2004; Liu et al. 2009 ) or by 5 0 -end exon shuffling (Long et al. 1996; Bonen and Calixte 2006) . Despite the rarity of functional activation following mitochondrion-to-nucleus gene insertions (Rand et al. 2004 ), most mitochondrial ribosomal protein genes have been transferred repeatedly to the nucleus in flowering plants (Adams et al. 2000 (Adams et al. , 2002b Liu et al. 2009 ). For example, intracellular transfer of the mitochondrial ribosomal protein gene rpl5 was inferred to have occurred 19 separate times based on Southern hybridization analyses of 280 angiosperm species (Adams et al. 2002b) , including a single transfer within the grasses (only three grasses were sampled: Hordeum, Triticum, and Zea). However, subsequent characterization of the putative targeting sequences from nuclear rpl5 genes of Triticum and Zea suggested that they arose from two separate transfers from the mitochondrion (Sandoval et al. 2004) . Interestingly, despite having a functional copy of rpl5 in the nucleus, Triticum retains an intact and expressed copy in its mitogenome (Sandoval et al. 2004; Ogihara et al. 2005) , whereas the gene is absent from the mitogenomes of Zea and its close relatives Tripsacum and Sorghum (Clifton et al. 2004; Allen et al. 2007) .
To more fully reconstruct the history of rpl5 transfers to the nucleus in grasses and gain mechanistic insights into intracellular gene transfer processes in general, we analyzed published grass genomes and transcriptomes and generated rpl5 gene sequences for dozens of additional grasses and nongrass monocots. Based on a data set of 90 taxa, we found evidence that rpl5 has been functionally transferred to the nucleus at least three separate times within the grass family. A broad range of grasses possess intact and transcribed copies of rpl5 in both the mitochondrial and nuclear genomes, indicating persistence of a state of transcompartmental duplication for some 40-60 million years, although whether the mitochondrial copies are actually functional is not clear. In at least two cases, the mitochondrial copy has replaced part of the nuclear copy via the first documented cases of mitochondrial-to-nuclear gene conversion. Finally, we show that rpl5 likely underwent retroprocessing within the mitogenome early in grass evolution, resulting in the loss of all but one editing site and providing evidence in support of the hypothesis that retroprocessing within the mitochondria can open the door to subsequent transfers to the nucleus via DNA intermediates.
Results

Phylogenetic Distribution of Nuclear and Mitochondrial Copies of rpl5 in Grasses
We determined the sequence and locations of rpl5 genes in 80 grass taxa, six related nongrass species within the Poales, and four additional monocots (supplementary table S1, Supplementary Material online). When sequenced mitochondrial and/or nuclear genomes were available, we could confidently infer gene presence/absence. In species for which only PCR-based data were available, we provisionally concluded that a gene was absent from a genome only when all possible primer combinations (supplementary table S2, Supplementary Material online) failed to produce an amplified product. Mitochondrial rpl5 copies were generally easier to amplify than nuclear homologs because of the high copy number of mitochondrial genomes and the extremely low substitution rates that are typical of mitochondrial DNA in angiosperms, including grasses (Wolfe et al. 1987; Palmer and Herbon 1988; Gaut 1998; Drouin et al. 2008 ). Thus, the failure to amplify a mitochondrial-like rpl5 sequence from a given Functional Transfers of rpl5 to the Nucleus in Grasses . doi:10.1093/molbev/msx170 MBE species is a good indication of its absence from the mitogenome. In species for which nuclear or mitochondrial genome sequences were not available, two lines of evidence were used to identify amplified rpl5 sequences as being nuclear in origin: 1) the presence of 5 0 extensions that code for Nterminal sequences predicted (see Methods) to confer mitochondrial targeting and 2) an increased nucleotide substitution rate, which is characteristic of nuclear DNA in plants (Wolfe et al. 1987; Drouin et al. 2008) .
We found that 18 grasses, six nongrass species within the Poales, and the four other monocots in our sample have only a single detectable rpl5, an intact mitochondrial gene; ten grasses have both an intact mitochondrial rpl5 and an intact nuclear rpl5; three grasses have both a mitochondrial rpl5 pseudogene (identified by the presence of frameshift mutations) and an intact nuclear rpl5; 45 grasses have an intact nuclear rpl5 but no (amplifiable) mitochondrial copy; and four grasses have only a single detectable rpl5, a mitochondrial pseudogene ( fig. 1 ; supplementary table S1, Supplementary Material online). In these four cases, it is likely that rpl5 has been functionally transferred to the nucleus, but we were unable to verify this by amplifying the functional nuclear copy. In these cases, it is also conceivable that the mitochondrial genes have been functionally replaced by duplicated or retargeted copies of a nuclear gene that encodes the homologous subunit in cytosolic or plastid ribosomes (Adams, et al. 2002a ). Twenty-three of the 28 species for which only an intact mitochondrial rpl5 was detected lack a sequenced nuclear genome. Some of these might also possess an intact nuclear rpl5 copy, one that simply failed to amplify.
The availability of sequenced nuclear genomes from 17 grass species (supplementary table S1, Supplementary Material online) revealed that even species that lack a functional nuclear copy of rpl5 are not devoid of rpl5-like sequences in the nucleus. For example, the nuclear chromosomes of Oryza sativa (International Rice Genome Sequencing Project 2005) are replete with fragments of rpl5 homologs as well as one full-length rpl5 sequence on chromosome 9 that has 99.6% similarity (two changes out of 567 nucleotides) to the mitochondrial copy (see top of fig. 2 ). However, these recent rpl5 insertions in the nucleus as well as other rpl5 fragments are likely nonfunctional. Nuclear insertions of mitochondrial origins ("numts") are common in plant genomes (Lough et al. 2008; Hazkani-Covo et al. 2010) , and the vast majority are nonfunctional (Richly and Leister 2004) . Figure 2 includes three other putatively nonfunctional rpl5 numts, two from Aegilops tauschii and one from Hordeum vulgare, but most recent numts were excluded from these analyses.
Independent Functional Transfers of Mitochondrial rpl5 to the Nucleus in Grasses
The majority of grass species are found in two large clades, which are referred to as BEP (Bambusoideae, Ehrhartoideae, and Pooideae) and PACMAD (Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae). The highly intermixed phylogenetic distribution of intact mitochondrial rpl5 genes, mitochondrial rpl5 pseudogenes, and mitochondrial gene losses across the BEP and PACMAD clades ( fig. 1 ) could indicate that mitochondrial rpl5 was repeatedly inactivated following a single functional transfer to the nucleus in the common ancestor of these two clades. This would be similar to the pattern observed for mitochondrial cox2 in legumes (Adams et al. 1999 ) and rps19 in grasses (Atluri et al. 2015) . Alternatively, rpl5 could have been independently transferred multiple times. If mitochondrial rpl5 experienced only a single ancient loss and transfer to the nucleus, then all grass nuclear rpl5 genes should form a single well-supported clade that mirrors the species relationships within the grass family. In contrast, if mitochondrial rpl5 was transferred repeatedly during grass evolution, the identified rpl5 copies should exhibit topological conflicts with the grass species tree.
We performed phylogenetic analyses to differentiate between these alternative hypotheses and found substantial heterogeneity in rates of sequence evolution between nuclear and mitochondrial copies of rpl5, reflecting well-established mutation-rate differences between these genomic compartments in angiosperms, including grasses (Wolfe et al. 1987; Palmer and Herbon 1988; Gaut 1998; Drouin et al. 2008) . Analyses based on Bayesian ( fig. 2 ) and maximumlikelihood (supplementary fig. S1 , Supplementary Material online) methods both tended to group nuclear rpl5 sequences together, but neither resolved all of the identified nuclear copies as a single monophyletic clade, even despite the expectation that rapidly evolving sequences will group together spuriously because of long-branch attraction. This bias is a grave problem in phylogenetics generally (Bergsten 2005; Yang and Rannala 2012) and has been shown to affect plant nuclear sequences that are highly divergent relative to mitochondrial homologs (Adams et al. 2000) . With one notable exception, the phylogenetic placement of the nuclear rpl5 sequences provided strong support for monophyly of each of the six grass subfamilies for which at least two species were sampled ( fig. 2 and supplementary fig. S1 , Supplementary Material online), suggesting that the species within each of these subfamilies shared a single functional transfer of rpl5. The one exception was the failure of the nuclear sequence in Gynerium sagittatum to group with other members of the Panicoideae ( fig. 2) . We describe the putative cause of the unexpected placement of Gynerium in the next section. Although none of the relationships among the six subfamilies were even moderately well supported, the failure of the subfamilies to form a single monophyletic group and their incongruence with estimates of grass phylogeny from plastid and nuclear data ( fig. 1 ; Grass Phylogeny Working Group II 2012; Wu and Ge 2012; Cotton et al. 2015) nonetheless raise the possibility of independent rpl5 transfers in some or even all of these subfamilies.
To further assess the possibility of single versus multiple rpl5 transfers, we examined the N-terminal targeting sequences of identified nuclear copies. As previously reported (Sandoval et al. 2004) , the targeting sequences of Zea and Triticum have no detectable similarity and thus appear to be the product of independent transfers ( fig. 3 and The status of rpl5 in the mitochondrial and nuclear genomes is indicated as follows: A dark "þ" indicates that rpl5 is an intact open reading frame over the region sequenced. A light "þ" in the nuclear column indicates that a nuclear rpl5 sequence was not obtained by PCR amplification but is inferred to be present because the only mitochondrial copy of rpl5 found is a pseudogene. A "W" indicates the presence of an rpl5 pseudogene. A "À" indicates a confirmed absence of an intact copy of rpl5 in a sequenced mitochondrial or nuclear genome. A "?" indicates that a copy of rpl5 was not found but its absence cannot be confirmed due to the lack of a genome sequence. Genera with intact copies of rpl5 in both genomes are highlighted with gray boxes, and those cases in which transcription of both copies has been shown are marked with arrowheads. In some cases, multiple species were sampled from the same genus (supplementary table S1, Supplementary Material online). The asterisk indicates that the inferred presence of intact genes in both genomes in Elymus is based on mitochondrial data from one species and nuclear data from another (supplementary table S1, Supplementary Material online). Additional outgroup sequences were surveyed, all of which showed evidence for an intact mitochondrial copy only (supplementary table S1 figure) and is shown only for intact nuclear genes, i.e., all unshaded sequences are mitochondrial (pseudo)genes or numt pseudogenes. Tips are labeled to indicate sequences from complete mitogenomes (M), sequenced nuclear genomes (N), and the NCBI EST database (EST). Accession numbers are specified for GenBank, 1KP, and EST sequences. For species with sequenced nuclear genomes, the gene/locus name is also noted in parentheses. Pseudogenes are labeled as "W", and for pseudogenes from sequenced nuclear genomes, the chromosome/contig/scaffold name is noted in parentheses. Bayesian posterior probability values >0.75 are shown. The scale bar indicates number of substitutions per site. Wu et al. . doi:10.1093/molbev/msx170 MBE supplementary figs. S2-S5, Supplementary Material online). We found that the Triticum-like targeting sequence is shared with the rest of the Pooideae, including the deepest branching member Glyceria ( fig. 3 and supplementary fig. S2 , Supplementary Material online), indicating that the transfer occurred in a common ancestor of this subfamily. Notably, however, this targeting sequence appears to be unrelated to the N-terminal sequences of Lithacne and Pariana ( fig. 3) , members of the subfamily (Bambusoideae) that is sister to Pooideae, indicating that there were independent transfers of rpl5 in the two groups ( fig. 1) . Although the N-terminal sequences available for Lithacne and Pariana are short and of uncertain homology, the strong grouping (98% bootstrap support; supplementary fig. S1 , Supplementary Material online) of the mature portions of these two nuclear genes indicates a single ancestral transfer of rpl5 before the split between Lithacne and Pariana within the Bambusoideae ( fig. 1 ). The apparent absence of a similar nuclear gene in other members of the Bambusoideae suggests the transfer most likely occurred in an immediate ancestor of Lithacne and Pariana (however, an older transfer is also possible if there were subsequent losses or if our methods missed related copies in other Bambusoideae lineages).
The Zea-like targeting sequence is shared across multiple subfamilies, including the Aristidoideae, Arundinoideae, Chloridoideae, and Panicoideae ( fig. 3 and supplementary figs. S4 and S5, Supplementary Material online), which suggests that there was a functional rpl5 transfer at the base of the PACMAD clade ( fig. 1 ; Grass Phylogeny Working Group II 2012; Cotton et al. 2015) . Although targeting sequences were not available from members of the Danthonioideae subfamily, the nuclear rpl5 sequences from this subfamily share a derived 6-bp deletion with other sampled PACMAD subfamilies (supplementary fig.  S6 , Supplementary Material online). Therefore, the Danthonioideae nuclear rpl5 sequences are likely the product of the same ancestral PACMAD transfer event ( fig. 1 ).
Multiple lines of evidence support the interpretation that the rpl5 nuclear genes identified as being intact in figure 1 are functional. First, we have confirmed that many of them are transcribed. Using RT-PCR and/or 5 0 RACE, we succeeded in producing rpl5 cDNAs for both members of the Bambusoideae transfer clade and for numerous members of the Pooideae and PACMAD transfer clades (supplementary table S1, Supplementary Material online). For many other members of these two clades, rpl5 sequences were identified in published transcriptome and EST data sets (supplementary table S1, Supplementary Material online), and have acquired intron sequences that are actively spliced out (supplementary figs. S4 and S5, Supplementary Material online; cf. Bonen and Calixte 2006; Liu et al. 2009 ). Second, in some species, the nuclear copy appears to be the only functional rpl5 gene based on the absence of an intact rpl5 gene in sequenced mitogenomes or the failure to amplify an intact mitochondrial rpl5 sequence with PCR ( fig. 1 ; Clifton et al. 2004; Allen et al. 2007 ). Third, the nuclear copies of rpl5 have generally experienced a large excess of synonymous substitutions (d N /d S < 0.25 in 21 of 27 cases analyzed, with d N /d S < 1.0 in the other six cases; supplementary table S3, Supplementary Material online) and have maintained reading frames free from frameshifts or internal stop codons. These findings indicate that these genes have been subject FIG. 3 . N-terminal sequences of nuclear-encoded rpl5 proteins. The sequences are ordered according to the three groups of grasses with distinct N-terminal sequences, indicative of independent functional transfers (also see fig. 1 ). The asterisk indicates the typical position of the initiator methionine when the rpl5 gene is in the mitogenome. The shaded amino acids correspond to sequence that is upstream of the mitochondrial gene. In many cases, only partial sequences were available, and no start methionine was identified. Other taxa were omitted because no N-terminal sequence was available. All sequences were aligned with MAFFT.
Functional Transfers of rpl5 to the Nucleus in Grasses . doi:10.1093/molbev/msx170 MBE to purifying selection over the millions of years since their respective transfers, presumably resulting from functional constraint. Finally, a number of the N-terminal extensions of nuclear copies of rpl5 were predicted by TargetP and MitoFates to function as mitochondrial targeting sequences (supplementary table S4, Supplementary Material online).
There are seven alignment positions at which the same amino acid substitution or deletion appears to have occurred in parallel in three lineages of nuclear transfers (supplementary fig. S7 and table S5, Supplementary Material online). None of these changes were universal within all three clades, but they all occurred on at least one branch in each of the three lineages. Although such changes may have simply occurred by chance at sites that are not highly constrained, they are also candidate targets for adaptation to nuclear expression and transport into mitochondria.
Coexistence of Intact and Transcribed Nuclear and Mitochondrial rpl5 Copies and Evidence for Intergenomic Gene Conversion
In ten phylogenetically disparate members of the Pooideae and PACMAD transfer clades, intact rpl5 copies are present in both the mitochondrial and nuclear genomes ( fig. 1 and supplementary table S1, Supplementary Material online; we also found intact mitochondrial and nuclear copies within the genus Elymus but have not shown that these cooccur in the same species in this genus). In all ten species, there is evidence for transcription of the nuclear copy, and in all seven of those examined there is also evidence for transcription of the mitochondrial copy ( fig. 1; supplementary table S1 , Supplementary Material online). Therefore, it is clear that mitochondrial and nuclear gene copies, as well as their expression at the RNA level, have persisted for extensive periods of time after initial duplication and incorporation into the nucleus.
One potential consequence of the coexistence of mitochondrial and nuclear copies, is the opportunity for gene conversion to occur on a transcompartmental scale. We identified two cases of mitochondrial-to-nuclear gene conversion in grass rpl5 genes, one in Lolium perenne and the other in Gynerium sagittatum. The assembled nuclear genome of L. perenne (Byrne et al. 2015) contains two copies of an rpl5 gene of mitochondrial origin. One copy (on scaffold 169) is very similar to its sister taxon in our sampling, Festuca pratensis ( fig. 2 and supplementary fig. S1 , Supplementary Material online). The second copy (scaffold 4493) is so similar to the scaffold-169 copy over much of their lengths that the two copies are very likely the result of a single transfer followed by gene duplication within the nuclear genome ( fig. 4) . However, an 88-bp region within the rpl5 alignment ( fig. 4) shows a strikingly different pattern of sequence relatedness; here the two nuclear copies in L. perenne differ substantially from one another (24% different at alignable positions, plus a 3-bp indel) and the scaffold-4493 copy is identical to mitochondrial rpl5 from Lolium (fig. 4) . The clearly chimeric nature of the scaffold-4493 nuclear rpl5 sequence is strong evidence of its relatively recent partial conversion by the mitochondrial sequence. A second such conversion event is readily apparent in the putative nuclear rpl5 gene of G. sagittatum, whose 3 0 half closely resembles the transferred sequences found in other members of the Panicoideae, but whose 5 0 half is identical to the Gynerium mitochondrial sequence (supplementary fig. S8, Supplementary Material online) . This observation accounts for the unexpected phylogenetic placement and relatively short branch of the Gynerium nuclear sequence ( fig. 2 and supplementary fig. S1 , Supplementary Material online; also see Hao and Palmer 2011) and also explains why it lacks the 6-bp deletion found in other nuclear sequences from the PACMAD clade (supplementary fig. S6 , Supplementary Material online). The nuclear rpl5 gene from Phragmites australis, whose N-terminal region ( fig. 3) indicates that it is probably derived from the same transfer as the rest of the PACMAD clade ( fig. 1) , also lacks this 6-bp deletion (supplementary fig. S6 , Supplementary Material online) and exhibits a (fig. 2) . Unlike Gynerium, however, there is no evidence elsewhere in the Phragmites sequence for a chimeric origin, and the 6-bp indel region in Phragmites differs at two positions from the corresponding region in the Gynerium nuclear sequence and all grass mitochondrial sequences (supplementary fig.  S6 , Supplementary Material online). The evolutionary history of this indel region in Phragmites is therefore unclear.
Repeated Acquisitions of HSP70-Derived Targeting Sequences by Transferred Mitochondrial Genes
It was previously reported that the targeting sequence associated with the nuclear rpl5 gene in the Pooideae was likely acquired from another mitochondrially targeted ribosomal protein gene (rpl4) based on the similarity between these two sequences in Triticum aestivum (Sandoval et al. 2004 ). However, our broader taxon sampling revealed that the direction of transfer was actually the opposite; rpl4 genes in T. aestivum acquired their targeting sequence from rpl5. All Pooideae species have a nuclear rpl5 gene with a similar targeting sequence, whereas only T. aestivum has a copy of rpl4 with this targeting sequence (supplementary fig. S9 , Supplementary Material online). The rpl4 gene is absent from all sequenced mitogenomes and was presumably transferred to the nucleus in the common ancestor of eukaryotes (Gray et al. 1998) . Triticum aestivum has additional copies of rpl4 that carry the targeting sequence that is typically associated with this gene in other grasses (supplementary fig. S10 , Supplementary Material online). Therefore, there appears to have been a duplication of the nuclear rpl4 gene within the T. aestivum lineage, with one of the duplicated copies obtaining a targeting sequence from the recently transferred rpl5 gene in an intriguing process of serial acquisition of targeting sequences.
A genome-wide search for genes with similar targeting sequences identified the mitochondrially targeted chaperonin gene HSP70 as the ultimate source of the sequence that was acquired by rpl5 prior to the divergence of the Pooideae subfamily and then transferred to a copy of rpl4 in the T. aestivum lineage (supplementary figs. S9 and S11, Supplementary Material online). HSP70 has been identified as a relatively frequent donor of targeting sequences for other transferred mitochondrial genes in angiosperms (Liu et al. 2009 ), including the ribosomal protein gene rps19 in grasses, which was transferred to the nucleus prior to the diversification of the major grass lineages (Atluri et al. 2015) . The rpl5 targeting sequence in Pooideae species appears to have been acquired directly from HSP70 rather than via an rps19 intermediate because the rpl5 sequence includes all three exons found in HSP70. In contrast, the third exon is missing from rps19 genes throughout the grasses (supplementary fig. S9 , Supplementary Material online). Unlike the Pooideae set of nuclear rpl5 genes, BLAST searches failed to identify source sequences for the putative targeting sequences of the nuclear rpl5 genes associated with the two other rpl5 transfers in grasses.
Retroprocessing of Mitochondrial rpl5 Early in Grass Evolution
The distribution of RNA editing sites in mitochondrial copies of rpl5 across angiosperms revealed the simultaneous loss of all but one editing site early in the evolution of grasses. A sample of diverse monocots as well as the eudicot Arabidopsis and the "basal" angiosperm Amborella indicate that angiosperms typically have $10 C-to-U editing sites in this gene ( fig. 5 ; Giegé and Brennicke 1999; Rice et al. 2013) . However, within the Poaceae, only representatives of the Anomochlooideae subfamily (Anomochloa and Streptochaeta), which is sister to the rest of the grasses (Bouchenak-Khelladi et al. 2008) , appear to maintain this high level of RNA editing. The rest of the grasses have lost, via C-to-T substitutions at the DNA level, all but one of the ten RNA editing sites inferred for the ancestral grass ( fig.  5 ). Active editing of the single retained editing site has been shown by empirical studies in Oryza and Triticum (Kubo et al. 1999; Sandoval et al. 2004) , and Triticum has gained an additional editing site that is not found in other angiosperms ( fig. 5 ). Retroprocessing has been identified as a mechanism responsible for the simultaneous loss of multiple introns and/ or RNA editing sites in mitochondrial genes of seed plants (Lamattina and Grienenberger 1991; Geiss et al. 1994; Krishnasamy et al. 1994; Lu et al. 1998; Itchoda et al. 2002; Parkinson et al. 2005; Petersen et al. 2006; Lopez et al. 2007; Ran et al. 2010; Sloan et al. 2010b; Cuenca et al. 2010 Cuenca et al. , 2012 Cuenca et al. , 2016 and other eukaryotes (Lavrov et al. 2016) . Therefore, it appears that the mitochondrial copy of rpl5 underwent a retroprocessing event (or events) in the common ancestor of all grasses exclusive of the "basal" Anomochlooideae ( fig. 1 and 5 ).
Discussion
The Dynamics and Functionality of Transcompartmental Gene Duplicates Our analysis highlights the dynamic nature of mitochondrial-tonuclear transfer of rpl5 in grasses, which appears to include at least three distinct functional transfers and at least seven species that retain intact and transcribed copies of the gene in both genomes ( fig. 1) . Coexistence of intact and transcribed copies in the nucleus and mitochondrion has also been reported for cox2 in legumes (Adams et al. 1999) , rps13 in Silene vulgaris , rps19 in grasses (Atluri et al. 2015) , sdh4 in Salicaceae and Lupinus (Choi et al. 2006; Havird and Sloan 2016) , and orf164 in Brassicaceae (Qiu et al. 2014) , with the latter being an intriguing example of reverse, nuclear-to-mitochondrial transfer. A strong case can be made that functional transfer of genes from mitogenomes to the nucleus generally requires a period of dual functionality in both genomes. In particular, there is evidence that this transitional period persisted for many millions of years in cases where mitochondrial and nuclear genes have been differentially lost following an initial duplicative transfer event (Adams et al. 1999; Atluri et al. 2015) .
There is, however, no direct evidence that both the mitochondrial and nuclear copies are currently functional in any one of the many extant plants shown to possess transcompartmentally duplicated and transcribed genes. It is not unlikely that many intact mitochondrial rpl5 genes in grasses are Functional Transfers of rpl5 to the Nucleus in Grasses . doi:10.1093/molbev/msx170 MBE actually nonfunctional, as the extremely slow mutation rates in most plant mtDNAs, coupled with the short length of rpl5, make the accrual of even a single DNA-level hallmark of pseudogene status (such as a frameshift indel, an unexpectedly large indel or truncation, or a highly deleterious missense mutation) a relatively uncommon event. Furthermore, in plant mitogenomes, intergenic regions are often transcribed and edited without any apparent functional significance (Grewe et al. 2014; Grimes et al. 2014; Wu et al. 2015) , and numerous cases are known of plant mitochondrial pseudogenes that are nonetheless transcribed and RNA edited Aubert et al. 1992; Brandt et al. 1993; Sutton et al. 1993; Giegé and Brennicke 1999; Notsu et al. 2002; Mower and Palmer 2006; Ong and Palmer 2006; Sloan et al. 2010b; Grewe et al. 2014; Wu et al. 2015) . In some cases, these pseudogenes have persisted for remarkably long periods of time (up to roughly 80 My; Ong and Palmer 2006) . Therefore, despite the persistence of intact mitochondrial rpl5 copies since duplicative transfers to the nucleus at the bases of the PACMAD and Pooideae clades some 40-60 Myr ago (Prasad et al. 2011; Christin et al. 2014) , it is possible that many or even all of these mitochondrial copies are actually nonfunctional.
Chimeric Genes Created by Recurrent Gene Transfer Coupled with Mitochondrial-to-Nuclear Gene Conversion
Regardless of whether the surviving mitochondrial copies in the PACMAD and Pooideae clades are still functional, one consequence of the coexistence of mitochondrial and nuclear rpl5 genes in many grasses is evident in the two examples of chimeric nuclear genes that we identified ( fig. 4 and  supplementary fig. S8, Supplementary Material online) . In both cases, a portion of a transferred nuclear rpl5 gene has apparently been replaced by sequence from its mitochondrial homolog. To our knowledge, these are the first described cases of mitochondrial-to-nuclear gene conversion. Transcompartmental gene conversion could occur by two related pathways with respect to the converting sequence. This sequence could integrate into the nucleus apart from the ancestrally transferred gene, followed by gene conversion between the two nuclear copies. Alternatively, the converting copy could recombine directly and only with the ancestrally transferred copy, leaving no other trace of the secondary transfer event.
Owing to the much higher substitution rate in grass nuclear genomes compared with their mitochondrial genomes, the MBE two chimeric genes are a decided mixture of relatively derived (nuclear) and relatively ancestral (mitochondrial) rpl5 sequences. Therefore, the process of mitochondrial-to-nuclear gene conversion has the potential to obscure the history of posttransfer sequence divergence. In fact, it may even erase signatures of the transfer process itself. As we discuss in the next section, transfer events that are RNA-mediated (either directly or indirectly) result in C-to-T changes at the DNA level corresponding to sites of mRNA editing. But subsequent mitochondrial-to-nuclear gene conversion events could result in T-to-C reversions.
Retroprocessing and the High Rate of DNA-Mediated rpl5 Gene Transfer in Grasses
The occurrence of multiple functional transfers of a mitochondrial gene within a single plant family raises important questions about the factors than govern the frequency of gene transfer to the nucleus. We found that the three functional rpl5 transfers in grasses were preceded by retroprocessing that eliminated all but one RNA editing site in this gene ( figs. 1 and 4) . This finding has important implications for the relative contributions of DNA-mediated and RNA-mediated intracellular gene duplications to functional organellar gene transfer. Many cases of functional transfer of plant mitochondrial genes are thought to involve processed RNA intermediates because the transferred genes lack the RNA editing sites and/or introns present in the mostly closely related mitochondrial genes (Nugent and Palmer 1991 Liu et al. 2009 ). However, the physical form of the nucleic acids (i.e., RNA, cDNA, or genomic DNA) that move between genomic compartments and result in functional transfers remains contentious (Henze and Martin 2001; Timmis et al. 2004; Timmis 2012) . In particular, the evidence for frequent transfer of genomic DNA from organelles to the nucleus (Blanchard and Schmidt 1995; Stupar et al. 2001; Huang et al. 2003; Stegemann et al. 2003; Richly and Leister 2004; Noutsos et al. 2005; Lough et al. 2008; Hazkani-Covo et al. 2010; Michalovova et al. 2013) has generated uncertainty regarding the role of RNA intermediates.
Despite experimental evidence that some plastid-tonuclear functional transfers can occur without eliminating introns or editing sites (Sheppard et al. 2011; Fuentes et al. 2012) , the mitochondrial genes contained in large-scale transfers of DNA fragments are generally expected to be "dead on arrival" because of their inability to be expressed in the nucleus. This is especially true for genes that contain large numbers of introns and/or RNA editing sites, the latter being abundant in most mitochondrial protein genes of angiosperms . Therefore, even though RNAmediated transfer is far less frequent than DNA-mediated transfer (Fuentes et al. 2012) , it is likely that a much larger proportion of RNA-mediated transfers yields functional genes in the nucleus (fig. 6 ). The retroprocessing of mitochondrial genes, as in the case of grass rpl5, should significantly increase the proportion of DNA-mediated (but not RNA-mediated) transfers that become functional ( fig. 6) . Thus, the relatively high frequency of functional intracellular transfers of grass Functional transfer of an organelle gene with many nonsynonymous edit sites and/or introns may be facilitated by a two-step mechanism, in which the gene is first reverse-transcribed and reintegrated into the mitochondrial genome (i.e., retroprocessing) before being physically moved to the nucleus. Introns are drawn as lines between exons (boxes), and sites that require RNA editing are marked with "C." These features are removed by the initial retroprocessing step. The processed gene is then more amenable to DNA-mediated functional transfer to the nucleus, but acquisition of nuclear-specific elements such as an N-terminal targeting sequence (gray box) is still required in most cases. (B) Prior to retroprocessing, the frequency of functional transfer to the nucleus is expected to be low and dominated by directly RNA-mediated events, i.e., events in which an edited and/or spliced mitochondrial cDNA is transferred to the nucleus. After wholesale retroprocessing of such a gene, the frequency of functional transfer is expected to increase significantly and be dominated by DNA-mediated events. Note that this figure is meant only to illustrate a conceptual model. The actual proportions of functional versus nonfunctional and DNA-versus directly RNA-mediated transfers have not been quantified.
Functional Transfers of rpl5 to the Nucleus in Grasses . doi:10.1093/molbev/msx170 MBE mitochondrial rpl5 was probably facilitated by retroprocessing that occurred near the base of the grass family. In effect, this model separates an RNA-mediated functional transfer into a two-step process: 1) RNA-mediated retroprocessing within the mitogenome and 2) subsequent DNA-mediated physical transfer to the nuclear genome (Henze and Martin 2001) . It has been shown that retroprocessed sequences can coexist (at least transiently) in the mitogenome with ancestral copies of the same gene (Cuenca et al. 2012) . Therefore, it is likely that this two-step transfer process can also act in a cryptic fashion in lineages in which there has not been wholesale replacement of the native gene within the mitogenome. Another potential example of this two-step process is the recent report of matR functional transfer to the nucleus in Pelargonium following a more ancient retroprocessing event within the mitogenome during Geraniaceae evolution (Grewe et al. 2016) .
Importantly, the retroprocessing of mitochondrial rpl5 early in grass evolution did not result in the permanent elimination of one of the ancestral editing sites, the nonsynonymous site at position 64 ( fig. 5 ). There are at least three plausible explanations for this observation. First, this site may have been restored-in the mitochondrial genomeby a T-to-C back-mutation relatively soon after retroprocessing occurred. Second, retroprocessing may have missed this site, as a result of either multiple partial gene-conversion events, none of which overlapped the site, or a single discontinuous conversion that skipped it. There is ample evidence that gene conversion can affect localized regions within plant mitochondrial genes (Bergthorsson et al. 2003; Barkman et al. 2007; Hao and Palmer 2009; Hao et al. 2010; Mower et al. 2010; Sloan et al. 2010a Sloan et al. , 2010b Hepburn et al. 2012 ). Third, retroprocessing may have involved an RNA transcript that happened not to have been edited at position 64, as partial editing is common in plant mitochondrial genes particularly at sites that are not functionally important (Mower and Palmer 2006; Wu et al. 2015; Guo et al. 2017) . Regardless of the explanation, the presence of this one editing site is fortuitous because it provides important insight into the of role of DNA-mediated versus RNA-mediated mechanisms in rpl5 gene transfer in grasses. Notably, all identified nuclear copies of rpl5 across the Poaceae have a C at this position in the gene, supporting the interpretation that they are the result of DNA-mediated transfers. The fact that copies of rpl5 have repeatedly become functional in the nucleus without the His-to-Tyr amino acid change created by RNA editing at this position suggests that editing at this particular site is not essential and helps explain why partial editing could be tolerated.
The extent to which retroprocessing increases the frequency of functional intracellular transfer of other genes and in other taxa remains to be seen. One intriguing possibility is that genome-wide increases in rates of retroprocessing are responsible for the highly reduced mitochondrial gene content seen in the genomes of plants such as Lachnocaulon, Allium, Erodium, and Phlox (Adams et al. 2002b; Park et al. 2015) . As the number of sequenced angiosperm mitogenomes continues to increase, it should become possible to identify historical retroprocessing events and further test this hypothesized relationship between retroprocessing and functional gene transfer.
Materials and Methods
Taxon Sampling
We generated and collected data from multiple sources, resulting in a total of 80 grasses (Poaceae), six related nongrass species within the Poales, and four additional monocots (supplementary table S1, Supplementary Material online). These included 32 taxa with sequenced nuclear and/or mitochondrial genomes, 20 species from the 1000 Plants (1KP) initiative (http://www.onekp.com/) and ten species with expressedsequence-tag (EST) data in the NCBI EST database (http:// www.ncbi.nlm.nih.gov/nucest/). We also performed PCR and Sanger sequencing of rpl5 from 36 species. Six of the taxa were duplicated in two different data sets, and one species (Zea mays) was present in three different data sets, resulting in a total of 90 unique taxa (including subspecies). Arabidopsis thaliana and Amborella trichopoda were also included as outgroups.
Nucleic Acid Extraction and cDNA Synthesis
Total genomic DNA was isolated from H 2 O-rinsed leaf-tissue samples using the CTAB isolation procedure of Doyle and Doyle (1987) . Total plant RNAs were isolated with the RNeasy Mini Kit (Qiagen, CA) and treated twice with DNase I (TaKaRa Bio Inc., Japan). Reverse transcription reactions were performed using Moloney Murine Leukemia Virus reverse transcriptase (New England Biolabs, MA) and random 9-mer oligonucleotides (Invitrogen, CA) followed by a final RNase treatment. Control templates were generated in parallel without reverse transcriptase to test for genomic DNA amplification.
PCR Amplification and Sanger Sequencing
Genomic DNA and cDNA samples were used to amplify mitochondrial and nuclear copies of rpl5. The six PCR primers used for amplification are given in supplementary table S2, Supplementary Material online. Thermal cycling was performed with the following parameters: 94 C for 2 min, followed by 35 cycles of 94 C for 1 min, 56 C for 30 s, and 72 C for 1 min. After these cycles, a polishing extension at 72 C for 10 min was performed. Amplified products were directly sequenced or cloned with TOPO TA Cloning Kit (Invitrogen, San Diego, CA) prior to sequencing. Both strands were sequenced using an Applied Biosystems 3700 automated fluorescence system operated by the Indiana University Molecular Biology Institute. Characterization and identification of upstream sequences were performed with a combination of the Vectorette II kit (Sigma-Genosys, MO) and RLM-RACE kit (Ambion, TX) according to the manufacturers' protocols. The resulting sequences were deposited in GenBank (accession numbers are given in supplementary table S1, Supplementary Material online). Wu et al. . doi:10.1093/molbev/msx170 
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Plant Genomes and Transcriptomes
We extracted rpl5 sequences from publicly available plant genomes and transcriptomes (supplementary table S1, Supplementary Material online) with NCBI TBLASTN, using the amino acid sequence from the Oryza sativa mitogenome (GenBank NC_011033) as a query. BLAST searches were performed with default parameters. All hits covering >50% of the query sequence were retained. For searches of the 1KP data set, partial and overlapping hits from the same species were manually merged.
Phylogenetic Analyses
The set of rpl5 nucleotide sequences was trimmed to exclude all extensions of the nuclear genes relative to the mitochondrial ones and aligned using MAFFT v7.221 (Katoh and Standley 2013) . The resulting alignment was inspected with BioEdit v7.1.9 and adjusted manually. Bayesian and maximum-likelihood phylogenetic analyses were performed with MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) and PhyML v2.4.4 (Guindon and Gascuel 2003) , respectively. For Bayesian analyses, the MCMC algorithm was run for 10,000,000 generations with four incrementally heated chains, starting from random trees and sampling one out of every 1000 generations. When the log-likelihood scores stabilized, a consensus tree was calculated after discarding the first 25% of the trees as burn-in. The maximum-likelihood analyses were performed with 1000 bootstrap replicates, the GTR substitution model, four rate categories, and an initial BIONJ tree. The transition/transversion ratio, proportion of invariable sites, and gamma distribution parameter were estimated from the data. The jModelTest v2.1.7 software package (Darriba et al. 2012 ) was used to inform model selection. RNA editing sites were not excluded from phylogenetic analyses.
Identification of N-Terminal Targeting Sequences and RNA-Editing Sites N-terminal targeting sequences in nuclear-encoded copies of rpl5 were predicted from primary amino acid sequences using TargetP v1.01 (Emanuelsson et al. 2000) and MitoFates (Fukasawa et al. 2015) . For mitochondrial-encoded copies, PREP-Mt (Mower 2009 ) was used to predict editing sites based on genomic DNA sequences, using a cutoff value of 0.5. In addition, empirically determined RNA-editing sites were taken from published sources (Giegé and Brennicke 1999; Kubo et al. 1999; Sandoval et al. 2004; Rice et al. 2013) . We identified RNA-editing sites in Phoenix dactylifera by comparing the rpl5 genomic sequence with a published cDNA library (Fang et al. 2012) . We also tentatively identified RNA-editing sites in Typha by comparing our genomic sequence from Typha sp. Qiu 94061 with cDNA sequences of putative mitochondrial origin from two Typha species in the 1KP data set.
Estimation of d N /d S Ratios
The codeml program within PAML v4.7 (Yang 2007 ) was used to calculate d N /d S ratios for nuclear copies of rpl5. A topology inferred from Bayesian phylogenetic analysis as above (supplementary fig. S12 , Supplementary Material online) was used as a constraint tree, and a separate d N /d S value was calculated for each branch based on an F1 Â 4 codon-frequency model. Partial sequences that covered <90% of the alignment were excluded from the analysis, and only a single representative sequence from each genus was used, resulting in a total of 27 sequences, including the mitochondrial copy of rpl5 from Phoenix dactylifera, which was used as an outgroup.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
